A polyphasic taxonomic study was performed on Sphingomonas sp. strain RW1 T . The organism was isolated from water of the River Elbe and has been known as a potent metabolizer of dibenzo-p-dioxin and its relatives. TLC of a mild alkaline hydrolysate of extractable cellular lipids of strain RW1
INTRODUCTION
From enrichment cultures inoculated with a water sample of the River Elbe, Wittich et al. (1992) isolated a strain that was able to grow with either dibenzo-pdioxin (DD) or dibenzofuran (DF) as a sole source of carbon and energy ; the strain was named Sphingomonas sp. strain RW1 T . In addition to mineralization of DD and DF, strain RW1 T co-metabolized monoand dichloro-derivatives of these compounds (Megharaj et al., 1997 ; Wilkes et al., 1996) . The enzymology of dioxygenation by strain RW1 T and its genetic study have been reported previously (Armengaud et al., 1998 ; . DD, DF and other related compounds are now known to be metabolized by certain species or strains of aerobic and anaerobic bacteria and fungi. Biotechnological methods can be used to exploit the degrading potential of such micro-organisms, which may be useful for the bioremediation of contaminated soil and water. E. Yabuuchi and others have to support this research by polyphasic taxonomic techniques to establish nomenclatural standing of the organisms concerned.
The presence of the second spot of sphingoglycolipid (SGL), SGL-1h, on TLC of a mild alkaline hydrolysate of cellular extractable lipids is a characteristic finding of S. yanoikuyae strains. This alkali-stable lipid was identified as galacturonosyl ceramide (Naka et al., 2000) , which is also found in type strains of Sphingomonas wittichii sp. nov., Sphingomonas terrae and Sphingomonas macrogoltabidus.
METHODS
Bacterial strains. Since TLC of cellular lipids of strain RW1 T (l DSM 6014 T l EY 4224 T ), type strains of S. terrae EY 4207 T and S. macrogoltabidus EY 4304 T revealed a spot of SGL-1h (galacturonosyl ceramide) similar to that of Sphingomonas yanoikuyae EY 4208 T , these four strains were used, together with S. paucimobilis EY 2395 T , for comparative study of phenotypic characteristics. Strains were grown on either Bacto-heart infusion agar or half-concentration nutrient broth supplemented with 1n5 % agar ; incubations were at 30 mC, unless otherwise stated.
For DNA-DNA hybridization, in addition to the above described five strains, the type strains of ten other Sphingomonas species (Sphingomonas sanguinis, Sphingomonas parapaucimobilis, Sphingomonas adhaesiva, Sphingomonas capsulata, Sphingomonas trueperi, Sphingomonas chlorophenolica, Sphingomonas natatoria, Sphingomonas rosa, Sphingomonas echinoides and Sphingomonas mali) , and Escherichia coli SMUM 344 T as a control strain, were used (Table 1) . Tests for characterization listed in Table 2 were performed by previously described methods (Yabuuchi et al., 1990) . Utilization of citrate and malonate were determined by growth and alkali production on Simmons' citrate agar and in malonate broth (Eiken Chemicals), respectively. Oxidative acid production was tested by using Bacto-OF basal medium supplemented with a total of 26 carbohydrates and sugar alcohols (1 %) and ethanol (3 %). Results were read for up to 4 weeks. Biotype 100 and Biotype medium 1 or 2 (bioMe! rieux) were used to establish nutritional profiles of test organisms following the manufacturer's instructions.
Drug susceptibilities.
Susceptibilities of the organisms were tested with 36 kinds of drug-containing Senci-discs and ready-to-use Mueller-Hinton medium II (BectonDickinson) as described previously (Yabuuchi et al., 1999) .
Cellular lipids and fatty acids analysis. Cells grown on agar media were harvested, the cellular lipids were extracted twice, washed and hydrolysed with 0n5 M NaOH as described previously (Yabuuchi et al., 1990 (Yabuuchi et al., , 1999 
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Fig. 1. Electron micrograph of a negatively stained cell of
Sphingomonas sp. strain RW1 T with a single polar flagellum. Cells were stained with 1 % potassium phosphotungstate and observed under a JEOL JEM-1200 transmission electron microscope. Bar, 0n5 µm EY 2395 T was used as a standard. To detect spots and their colour reaction, 50 % sulfuric acid solution, Dittmer's reagent, ninhydrin solution and Anthrone reagent were used for all lipids, phospholipids, free amino bases and glycolipids, respectively. Cellular fatty acid analysis was performed by a method described previously (Yabuuchi et al., 1990 (Yabuuchi et al., , 1999 .
Preparation of DNA. Bacterial cells growing in nutrient broth (Difco) in shaking culture for 24 h at 30 mC were collected and resuspended in 50 ml S-TE buffer [10 mM Tris\HCl buffer, 1 mM EDTA (disodium), 0n15 M NaCl, pH 8n0] containing lysozyme (0n1 mg ml − "). The suspension, supplemented with 3 % SDS, was incubated at 60 mC for 10 min. An equal volume of phenol mixture [phenol\chloroform\3-methyl-1-butanol (25 : 24 : 1, by vol.)] was added to the suspension, which was then mixed vigorously and centrifuged at 10 000 g for 10 min. The centrifuged supernatant fluid was transferred to a new tube and 2 vol. ethanol was added. The precipitated DNA dissolved in TE buffer (10 mM Tris\HCl buffer, 1 mM EDTA, pH 8n0) was incubated with RNase A (10 µg ml − ") for 30 min at 35 mC and further incubated with proteinase K (10 µg ml − ") and 0n3 % SDS for 60 min at 50 mC. Following phenol mixture treatment and ethanol precipitation, the purified DNA was dissolved in TE buffer and used as a reference for DNA-DNA hybridization.
Preparation of DNA plate and labelled DNA. Immobilization of the reference DNA to a microplate was performed by a previously described protocol (Ezaki et al., 1989.) . The heatdenatured reference DNA (10 µg ml − ") was dissolved in PBS (0n145 M NaCl, 0n15 M sodium phosphate) containing 0n1 M MgCl # . A portion (100 µl) of the solution was distributed into wells of the microplate (Cliniplate EB ; Labsystems). The plates were kept for 16 h at 30 mC. After discarding the solution, the DNA plate was kept in a dry condition. The DNA was labelled using a commercial kit with a photoactivatable form of biotin (PHOTOPROBE Long Arm Biotin, SP-1020 ; Vector Laboratories).
Hybridization. Blocking solution [2i SSC (0n3 M NaCl and 0n03 M sodium citrate) containing 2 % blocking reagent (Boehringer Mannheim)] was distributed to wells of the DNA plate and kept for 30 min at room temperature. After discarding the blocking solution, 100 µl hybridization solution (2i SSC, 50 % formamide, 1 % blocking reagent ; pH 7n2-7n6) containing labelled single-stranded DNA was distributed to wells of the DNA plate. After 16 h hybridization at 50 mC, the wells were washed three times with 1i SSC solution. Alkaline phosphatase-streptoavidin (Vector Laboratories) was diluted 1000-fold with PBS containing blocking agent (Block Ace Powder ; Dainippon 
Seiyaku). The diluted mixture was distributed to the wells (100 µl in each). After 30 min incubation at 35 mC, the wells were washed three times with PBS and filled with 100 µl substrate solution (BluePho Microwell Phosphatase Substrate system ; Kirkegaard & Perry Laboratories). The plate was incubated at room temperature and the OD '$! of each well was measured. The relative relatedness among the reference DNAs was calculated using the OD '$! values and the protocol of colorimetric microplate hybridization (Kusunoki et al., 1991) .
16S rDNA gene sequences and phylogenetic analysis.
Deposited data on 16S rDNA sequences obtained from the DNA Database of Japan (DDBJ, Institute of Genetics, Mishima, Shizuoka, Japan) were used for the phylogenetic analysis. In addition to the five strains listed in Table 1 , data of type strains of 17 Sphingomonas species and two subspecies of Zymomonas mobilis were used. Brevundimonas diminuta DSM 1635 T was used as an outgroup organism. Sources of sequence data of a total of 25 strains are shown in parentheses following each type strain number in the phylogenetic tree (Fig. 4) . For the phylogenetic analysis, alignment gaps and unidentified base positions were not taken into consideration for the calculation. Each 1210 base sequence of all 25 strains (Fig. 4) was used for the calculation. Nucleotide substitution rates (K nuc ) (Kimura, 1980) Sphingomonas wittichii sp. nov.
 program (Thompson et al., 1994) . The neighbour-joining method (Saitou & Nei, 1987) was used to reconstruct a phylogenetic tree from the distance matrices by  written by Manolo Gouy (Laboratoire de Biometrie, University of Lyon, Villeurbanne, France). To evaluate the topology of the phylogenetic tree, a bootstrap analysis was performed. Bootstrap values, out of a total of 1000 replications, are indicated at the branching points.
RESULTS

Phenotypic characteristics
Colonies of strain RW1 T (l EY 4224 T ) were 1 mm in diameter, smooth and glistening with entire margins and faintly yellow-pigmented after 3 d incubation at 30 mC. Compared with S. yanoikuyae EY 4208 T , S. macrogoltabidus EY 4304 T and S. paucimobilis EY The names of the four Sphingomonas species used are given in Table 2 . All five strains were positive for : aesculin, -β-hydroxybutyrate, -glutamate, (j)trehalose, maltotriose and maltose. All five strains were negative for : (j)arabitol, (k)arabitol, xylitol, dulcitol, -sorbitol, adonitol, malonate, -lyxose, i-erythritol, hydroxyquinoline-β-glucuronate, (j)tartrate, tryptamine, itaconate, (j)sorbose, α-ketoglutarate, meso-tartrate, (j)malate, -galacturonate, 2-keto--gluconate, 5-ketogluconate, -tryptophan, m-hydroxybenzoate, benzoate, 3-phenylpropionate, m-coumarate, trigonellin, putrescine, histamine, caprylate, -histidine, -α-amino-n-valerate, ethanolamine and α-ketogluconate.
Substrate
Result Total number of drugs  Resistant  13  9  10  16  5  Intermediate  1  3  7  2  2  Susceptible  22  24  19  18  29  SusceptiblejIntermediate  23  27  26  20 31 substrates and negative control) are shown in Sphingomonas wittichii sp. nov. Strain RW1 T was susceptible to penicillins, cephems, macrolides and aminoglycosides, whereas it was characteristically resistant to all seven new quinolone chemotherapeutics tested (Table 5) .
Cellular lipids and fatty acids analysis
Major and ubiquitous cellular lipids of all 15 strains tested were phosphatidyl ethanolamine, phosphatidyl glycerol and cardiolipin (data not shown). As shown in Fig. 3 , which was developed by an acidic solvent system, spots of SGL-1h were seen in the alkali-stable lipids of RW1 T , S. yanoikuyae EY 4208 T , S. terrae EY 4207 T and S. macrogoltabidus EY 4304 T . The major cellular fatty acid was 18 : 1 in four strains, with the exception of S. terrae EY 4207 T in which 17 : 0 cyclopropanoic acid was the major fatty acid. The major 2-hydroxy acid in S. terrae EY 4207 T was 2-OH 15 : 0, whereas 2-OH 14 : 0 was the major acid in the four other strains. None of the five strains contained 3-hydroxy fatty acids (Table 6 ).
DNA-DNA reassociation rates and phylogenetic analysis of 16S rDNA sequences
As shown Table 7 , DNA-DNA reassociation rates between strain RW1 T and each type strain of the 14 Sphingomonas species, including three species (S. yanoikuyae, S. terrae and S. macrogoltabidus) which contain SGL-1h in their cellular lipids, ranged from 0 to 10 %. Reassociation rates among the 14 species ranged from 0 to 42 % and also reconfirmed them as independent species. The phylogenetic tree (Fig. 4) illustrates that strain RW1 T falls within the genus Sphingomonas and shows clear distinction from the 14 named species of this genus. The type strains of the four SGL-1h-containing species did not form a cluster.
DISCUSSION
Since the transfer of Pseudomonas paucimobilis (Holmes et al., 1977) to a new genus, Sphingomonas, biodegradation or utilization of DD, DF and other various related compounds by strains of Sphingomonas species have been reported. Examples of such compounds are diphenyl ether (Schmidt et al., 1992) , 4,4h-and 2,4-dihalodiphenyl ethers (Schmidt et al., 1993) , DD (Wittich et al., 1992) , chlorinated DF (Wilkes et al., 1996 ; Strubel et al., 1989) , chloro-and bromobiphenyls (Davison et al., 1996) , polycyclic aromatic hydrocarbons (Khan et al., 1996 ; Dagher et al., 1997) , pentachlorophenol (Nohynek et al., 1995 ; Karlson et al., 1996 ; McCarthy et al., 1996) , herbicides (Nickel et al., 1997) , polyethylene glycol (Takeuchi et al., 1993 ; Zipper et al., 1996) and γ-hexachlorocyclohexane (Thomas et al., 1996) . Enzymes (Armengaud & Timmis, 1997 ; Happe et al., 1993 ; McCarthy et al., 1996) , plasmids (Yrjala et al., 1997 (Yrjala et al., , 1998 Romine et al., 1999) and genetics (Armengaud et al., 1998 ; Masai et al., 1999 ; Miyauchi et al., 1998 ; Peng et al., 1998) of such degradations have also been reported. Most of the organisms studied in the above-described literature are named as Sphingomonas sp., without establishing their nomenclatural standing as a species. Sphingomonas sp. strain RW1 T has been known as the most potent organism to degrade and even utilize DD and DF as sole sources of carbon and energy (Wittich et al., 1992) . DNA-DNA reassociation rates between the type strains of each of 14 Sphingomonas species studied revealed that strain RW1 T is independent from these species. The presence of SGL-1 (Fig. 3) and 2-OH myristic acid, and the absence of 3-OH fatty acids (Table 6 ) in cellular lipids suggests that RW1 T is a member of the genus Sphingomonas ; this is confirmed by phylogenetic analysis of the 16S rDNA sequence (Fig. 4) . Among the 22 Sphingomonas species, only S. terrae, S. macrogoltabidus, S. yanoikuyae and strain RW1 T contained SGL-1h (galacturonosyl ceramide) in their cellular lipids (Fig. 3) . These four organisms did not form a cluster in 16S rDNA phylogenetic analysis (Fig. 4) and could be phenotypically differentiated from each other (Table 8) . Although it has been previously reported (Naka et al., 2000) that S. mali EY 4206 possesses SGL-1h as its cellular lipid component, the strain was identified as S. macrogoltabidus by DNA-DNA hybridization. In addition, cellular lipids of S. mali EY 4341 T , obtained from IFO as IFO 15500 T , did not contain SGL-1h. These findings indicate that S. mali EY 4206 used in the previous study (Naka et al., 2000) was, in fact, a strain of S. macrogoltabidus and that S. mali does not have SGL-1h. On the standpoint of toxicity and environmental pollution, DD is one of the most important toxic substances for all life on Earth. Strain RW1 T is thus far a single strain of a new species, for which the name Sphingomonas wittichii sp. nov. is herein proposed. It is expected that by establishing the nomenclatural standing of this organism, research work on dioxin-degrading bacteria will be accelerated.
Description of Sphingomonas wittichi sp. nov.
Sphingomonas wittichii (wi.tti.chi.i. L. gen. n. wittichii of Wittich, referring to Rolf-Michael Wittich, the German bacteriologist who first isolated this potent metabolizer of dibenzo-p-dioxin from the water of the River Elbe and described the metabolism of dibenzo-pdioxin by this organism). Colonies are pin-point after 2 d incubation and, after a further 2-3 d are 1 mm in diameter. They are smooth, shiny, convex, semi-translucent and initially greyishwhite, becoming faintly yellow after 3 d incubation at 30 mC. Gram-negative rods with rounded ends. Soma size is 0n4-0n6i0n9-1n5 µm. Actively motile with single polar or subpolar flagellum. Flagellar wave morphology is regular (Fig. 2a, b) or with only one long curve (Fig. 2c) . Able to grow at 30 mC. Oxidaseand catalase-positive. Metabolism is respiratory, never In OF medium, oxidative acidity observed from -arabinose, -ribose, fructose, galactose, glucose, maltose, glycerol, sorbitol, mannitol, rhamnose, salicin and inulin within 3 d. Among the 99 substrates of Biotype 100 (bioMe! rieux), only two carbohydrates, α-(k)fucose and -glucuronate are assimilated ; the amino acids phenylalanine, -glutamate, -proline, -alanine, -alanine, -aspartate and -tyrosine and the organic acids gentisate, -lactate, succinate, fumarate, -β-hydroxybutyrate and malonate are assimilated. Resistant to macrolide and new quinolone antibiotics. Major fatty acid of cellular lipid is 18 : 1 ; the only hydroxy acid is 2-OH 14 : 0. Alkali-stable cellular lipids contain both SGL-1 and SGL-1h. DNA GjC content is 67 mol % (Wittich et al., 1992) . Type strain is DSM 6014 T (l JCM 10273 T l EY 4224 T ).
